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Among the variety of transition‐metal‐catalyzed transformations of alkynes that have achieved significant development to date,[1](#open201600123-bib-0001){ref-type="ref"} the transformations with regard to oxo‐functionalization of alkynes have attracted special interest.[2](#open201600123-bib-0002){ref-type="ref"} Cyclizations of epoxy alkynes have provided rapid access to complex molecular structures in an easy one‐pot process, in which a wide range of metal complexes such as those with gold or silver can be used, either in a stoichiometric or a catalytic manner.[3](#open201600123-bib-0003){ref-type="ref"}

Alkynyl epoxides can be divided into two parts: non‐tethered alkynyl epoxides and X‐tethered alkynyl compounds (X=C, N, O). In general, transition‐metal‐catalyzed reactions of alkynyl epoxides can start from an alkynyl moiety or an epoxide moiety, and the general reaction modes have been shown in Scheme [1](#open201600123-fig-5001){ref-type="fig"}. For instance, Krause and co‐workers reported that, when alkynyl epoxide compounds were catalyzed by a copper hydride catalyst, a vinylcopper intermediate can be formed through a *syn* addition of the copper hydride to the triple bond, and vinyl oxirane can be obtained in the presence of an alcohol by a protodemetalation process (Scheme [1](#open201600123-fig-5001){ref-type="fig"} a).[3h](#open201600123-bib-0003h){ref-type="ref"} On the other hand, in the presence of a gold catalyst, the addition of alkynyl oxiranes (R^1^=H, R^2^ and R^3^=−CH~2~(CH~2~)~3~CH~2~−) with an oxidizing agent such as pyridine oxide at the terminal position of the alkynyl moiety could produce an allenyl--metal alkoxide intermediate that would play a key role of the nucleophilic addition in the next scenario (Scheme [1](#open201600123-fig-5001){ref-type="fig"} b).[4](#open201600123-bib-0004){ref-type="ref"} In this respect, our group has also reported a gold‐catalyzed intramolecular cascade cyclization reaction of N‐tethered alkynyl epoxides to afford a variety of ketal skeletons derivatives under mild conditions (Scheme [1](#open201600123-fig-5001){ref-type="fig"} c).[5](#open201600123-bib-0005){ref-type="ref"}

![General reaction modes of alkynyl epoxides in the presence of transition‐metal catalysts.](OPEN-6-21-g003){#open201600123-fig-5001}

As a part of our continuous interest in transition‐metal‐catalyzed or ‐mediated reactions of alkynyl epoxide and propargylic ester compounds,[5](#open201600123-bib-0005){ref-type="ref"}, [6](#open201600123-bib-0006){ref-type="ref"} we designed a variety of N‐tethered epoxide‐propargylic ester compounds and, herein, we report our investigation on silver‐catalyzed transformation of these compound to 3,4‐dihydro‐1,4‐oxazine derivatives via a domino process including three‐membered ring‐opening, 3,3‐sigmatropic rearrangement, 6‐*exo*‐cycloisomerization and subsequent intramolecular elimination (Scheme [1](#open201600123-fig-5001){ref-type="fig"} d).

Initially, we commenced our investigation by using epoxide‐propargylic ester **1 a** as a model substrate to optimize the reaction conditions. The results are summarized in Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}. We found an interesting six‐membered 1,4‐oxazine product, **2 a**, which was formed in a total yield of 53 % along with 1:2 *d.r*. within 1 h upon treating **1 a** with AgSbF~6~, *p*‐toluenesulfonic acid (*p*‐TsOH) in anhydrous 1,2‐dichloroethane (DCE) and methanol (MeOH) at 60 °C (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entry 1). However, when **1 a** was treated with other metal catalysts, such as Yb(OTf)~3~, Sc(OTf)~3~, Ph~3~PAuCl/Yb(OTf)~3~, Ph~3~PAuCl/AgSbF~6~, or **Au‐1**, no desired product was obtained (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entries 2--6). The reason for the failure of gold(I) catalysts is that, as compared to the corresponding donor‐substituted alkynes,[7](#open201600123-bib-0007){ref-type="ref"} gold(I) catalysts might be too reactive and can easily or efficiently coordinate to the electron‐rich diene,[8](#open201600123-bib-0008){ref-type="ref"} further enhancing its reactivity and subsequently leading to decomposition of the desired products. Then, various silver(I) catalysts were examined. Under the standard conditions, when AgBF~4~, AgOTs, AgClO~4~, AgOTf, CF~3~CO~2~Ag, and AgNTf~2~ were used as the catalysts to carry out the reaction, the desired product **2 a** was obtained in 56, 62, 62, 60, 37, and 66 % total yields within 1 h, respectively (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entries 7--11 and 15). Using AgNO~2~ as the catalyst gave the desired product **2 a** in 42 % total yield within 5 h (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entry 12). However, when AgNO~3~ and AgOAc were used as the catalysts, the reaction did not give the desired product **2 a** (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entries 13 and 14). After identifying AgNTf~2~ as an appropriate catalyst, we optimized other critical reaction parameters, such as the amount of *p*‐TsOH, solvent, and alcohol. First, we found that increasing the amount of *p*‐TsOH did not afford the better results (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entries 16--18), but in the absence of *p*‐TsOH, the reaction gave **2 a** in a lower yield (32 %) after a longer time (6 h) (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entry 19) than that in the presence of *p*‐TsOH (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entry 15). Thus, we believe that *p*‐TsOH was beneficial to the ring‐opening process.[5](#open201600123-bib-0005){ref-type="ref"}, [9](#open201600123-bib-0009){ref-type="ref"} Then, the solvent effects were also examined by using AgNTf~2~ as the catalyst. In tetrahydrofuran (THF) and 1,4‐dioxane, inferior results were obtained; only a 21 % total yield of the desired product **2 a** was obtained in bromobenzene, and when using CH~3~CN as the solvent, no desired product was obtained (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entries 19--22). Finally, when *i*PrOH, *t*BuOH, BnOH was used as the nucleophilic reagent instead of MeOH, the corresponding products **2** were formed in 39, 43, and 37 % yields, respectively (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entries 23--25). Furthermore, when PhNH~2~ was used instead of MeOH, none of the desired product was obtained (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entry 27) because the use of PhNH~2~ might lead to deactivation of the silver catalyst. When H~2~O was used as the nucleophilic reagent instead of MeOH, the desired product was again not obtained, perhaps owing to its weaker nucleophilicity and the decomposition of the silver catalyst (Table [1](#open201600123-tbl-0001){ref-type="table-wrap"}, entry 28).

###### 

Optimal reaction conditions for the intramolecular cyclizations.

  ![](OPEN-6-21-g006.jpg "image")                                                                                      
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  1                                 AgSbF~6~                          MeOH         DCE            1         53         1:2
  2                                 Yb(OTf)~3~                        MeOH         DCE            10        trace      --^\[g\]^
  3                                 Sc(OTf)~3~                        MeOH         DCE            10        trace      --^\[g\]^
  4                                 Ph~3~PAuCl/Yb(OTf)~3~             MeOH         DCE            12        trace      --^\[g\]^
  5                                 Ph~3~PAuCl/AgSbF~6~               MeOH         DCE            10        trace      --^\[g\]^
  6                                 ![](OPEN-6-21-g007.jpg "image")   MeOH         DCE            10        trace      --^\[g\]^
  7                                 AgBF~4~                           MeOH         DCE            1         56         1:1.7
  8                                 AgOTs                             MeOH         DCE            1         62         1:2.2
  9                                 AgClO~4~                          MeOH         DCE            1         62         1:1.7
  10                                AgOTf                             MeOH         DCE            1         60         1:2.1
  11                                CF~3~CO~2~Ag                      MeOH         DCE            1         37         1:2.2
  12                                AgNO~2~                           MeOH         DCE            5         42         1:1.8
  13                                AgNO~3~                           MeOH         DCE            12        trace      --^\[g\]^
  14                                AgOAc                             MeOH         DCE            12        trace      --^\[g\]^
  ***15***                          ***AgNTf*** ~***2***~             ***MeOH***   ***DCE***      ***1***   ***66***   ***1:1.9***
  16^\[d\]^                         AgNTf~2~                          MeOH         DCE            1         49         1:2
  17^\[e\]^                         AgNTf~2~                          MeOH         DCE            1         48         1:2.3
  18^\[f\]^                         AgNTf~2~                          MeOH         DCE            1         45         1:2.6
  19^\[h\]^                         AgNTf~2~                          MeOH         DCE            6         32         1:2.1
  20                                AgNTf~2~                          MeOH         THF            1         45         1:2.3
  21                                AgNTf~2~                          MeOH         CH~3~CN        12        trace      --^\[g\]^
  22                                AgNTf~2~                          MeOH         1,4‐dioxane    1         57         1:2
  23                                AgNTf~2~                          MeOH         bromobenzene   1         21         1:2.2
  24                                AgNTf~2~                          *i*PrOH      DCE            2         39         1:1
  25                                AgNTf~2~                          *t*BuOH      DCE            2         43         1.6:1
  26                                AgNTf~2~                          BnOH         DCE            2         37         1:1.9
  27                                AgNTf~2~                          PhNH~2~      DCE            12        trace      --^\[g\]^
  28                                AgNTf~2~                          H~2~O        DCE            12        trace      --^\[g\]^

\[a\] Reaction conditions: 0.1 mmol of **1**; 10 mol % of catalyst; 10 mol % of *p*‐TsOH; 0.5 mL MeOH; 0.5 mL of dry solvent. \[b\] Isolated yields. \[c\] Determined by ^1^H NMR spectroscopy. \[d\] 0.2 equivalents of *p*‐TsOH were used. \[e\] 0.3 equivalents of *p*‐TsOH were used. \[f\] 1.0 equivalents of *p*‐TsOH were used. \[g\] Not determined. \[h\] No *p*‐TsOH was used.
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Thus, the use of AgNTf~2~ (10 mol %) and *p*‐TsOH (10 mol %) in dry DCE and dry MeOH at 60 °C were found to be the most efficient reaction conditions for this transformation and were used as the optimized conditions.

With the optimized reaction conditions in hand, we next turned our attention to investigate the scope and limitation of this reaction by using a variety of epoxide‐propargylic esters **1 b**--**1 o**, and the results are summarized in Table [2](#open201600123-tbl-0002){ref-type="table-wrap"}. As can be seen from Table [2](#open201600123-tbl-0002){ref-type="table-wrap"}, all of the reactions proceeded smoothly to give the corresponding products **2 b**--**2 f** in 41--53 % total yields and 1:1.2--1:2.2 *d.r*. at the optimized conditions when R^1^/R^2^ were ethyl, isopropyl, isobutyl, or cycloalkyl groups, suggesting that the steric effect of R^1^/R^2^ groups did not have a significant impact on this reaction. When the N‐tethered group was replaced by 2‐methylbenzenesulfonyl (**1 g**), 2,4,6‐trimethylbenzenesulfonyl (Mes, **1 h**), 2,4,6‐triisopropylbenzenesulfonyl (**1 i**), and phenylmethanesulfonyl (**1 j**), the corresponding products were obtained in 39, 30, 47, and 39 % total yields, respectively. Moreover, irrespective of whether Ar was changed to 1‐naphthyl (**1 k**), 4‐fluorophenyl (**1 l**), 4‐chlorophenyl (**1 m**), or 4‐bromophenyl (**1 n**), the reactions proceeded smoothly to give the corresponding products **2 k**--**2 n** in 40--63 % yields. As for substrate **1 o**, in which R^3^ was a 4‐bromobenzenesulfonyl (Bs) group and Ar was replaced with a 4‐bromophenyl group, the desired product **2 o** was obtained in 50 % total yield along with 1:1.8 *d.r*. The structure of *anti*‐**2 o** has been unequivocally confirmed by using X‐ray diffraction. Its ORTEP drawing is shown in Figure [1](#open201600123-fig-0001){ref-type="fig"} and the related crystal data are presented in the Supporting Information.[10](#open201600123-bib-0010){ref-type="ref"}

###### 

Substrate scope of the intramolecular cyclization.^\[a\]^

  ![](OPEN-6-21-g008.jpg "image")
  ---------------------------------
  ![](OPEN-6-21-g009.jpg "image")

\[a\] Reaction was carried out with **1** (0.1 mmol), AgNTf~2~ (0.01 mmol), *p*‐TsOH (0.01 mmol) in 0.5 mL anhydrous DCE and 0.5 mL anhydrous MeOH at 60 °C for 1 h. Yields are those of the isolated yields. All *d.r*. values are determined by ^1^H NMR spectroscopic data.
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![ORTEP drawing of *anti*‐**2 o**.](OPEN-6-21-g001){#open201600123-fig-0001}

Based on the previous literature and our own results,[5](#open201600123-bib-0005){ref-type="ref"}, [6a](#open201600123-bib-0006a){ref-type="ref"}, [6b](#open201600123-bib-0006b){ref-type="ref"} we propose a plausible reaction mechanism for this silver(I)‐catalyzed transformation in Scheme [2](#open201600123-fig-5002){ref-type="fig"}. The cationic silver(I) first activates the alkynyl group upon coordination with the epoxy group, affording intermediate **A**, which is nucleophilically attacked by methanol to give epoxy ring‐opening intermediate **B**. Then, intermediate **B** undergoes a 3,3‐sigmatropic rearrangement to give carboxyallenyl intermediate **C**,[11](#open201600123-bib-0011){ref-type="ref"} which undergoes a 6*‐exo*‐cycloisomerization to give a six‐membered 1,4‐oxazine intermediate **D**. The subsequent intramolecular elimination of HOAc affords the corresponding product **2**. However, the alternative simple 6‐*exo* addition/elimination process is also possible for this step.

![A plausible mechanism for the formation of **2**.](OPEN-6-21-g004){#open201600123-fig-5002}

Two control experiments were performed. One control was conducted by treating **1 a** under the optimized reaction condition in the absence of silver(I) catalyst, only affording the corresponding ring‐opening product, and another control experiment used propargylic ether instead of propargylic acetate to carry out the reaction, but no desired product was obtained under the standard condition (Scheme [3](#open201600123-fig-5003){ref-type="fig"}); for the more detailed information, see the Supporting Information.

![The two control experiments that were performed.](OPEN-6-21-g005){#open201600123-fig-5003}

Thus far, the synthesis of six‐membered 1,4‐oxazine derivatives have drawn much attention from organic chemists, because they exist in various natural products and possess significant biological and medicinal activities.[12](#open201600123-bib-0012){ref-type="ref"} For instance, amorolfine **3** and several 1,4‐benzoxazinones derivatives **4** are efficient antifungal agents, and amorolfine is already commercialized and sold in the drug market. The antiphlogistic, antipyretic, and analgesic effects of 4‐aminoalkyl‐2,3‐dihydro‐1,4‐benzoxazin‐3‐ones **5** led to the proposed use of some of these compounds as efficient pharmaceuticals (Figure [2](#open201600123-fig-0002){ref-type="fig"}). Our new synthetic method for the preparation of **2** may provide an alternative method for the synthesis of these core structures in **3**--**5** upon further transformation.

![Biologically active 1,4‐oxazine derivatives.](OPEN-6-21-g002){#open201600123-fig-0002}

In conclusion, we have developed an interesting silver(I)‐catalyzed intramolecular cyclization of N‐tethered epoxide‐propargylic esters for the construction of a variety of 1,4‐oxazine derivatives through a novel domino pathway consisting of three‐membered ring‐opening, 3,3‐sigmatropic rearrangement, 6‐*exo*‐cycloisomerization, and subsequent intramolecular elimination under mild conditions. Further investigation into the mechanism and the extension and modification of this procedure to the synthesis of other heterocycles are under way in our laboratory.

Supporting information
======================

As a service to our authors and readers, this journal provides supporting information supplied by the authors. Such materials are peer reviewed and may be re‐organized for online delivery, but are not copy‐edited or typeset. Technical support issues arising from supporting information (other than missing files) should be addressed to the authors.

###### 

Supplementary

###### 

Click here for additional data file.

*We are grateful for the financial support from National Basic Research Program of China (973)‐2015CB856603 and the National Natural Science Foundation of China for financial support (20472096, 21372241, 21361140350, 20672127, 21421091, 21372250, 21121062, 21302203, 20732008, 21572052)*.
